Minimum-energy geometries and relative electronic energies of the X 1 AЈ and Ã 1 AЉ states of HPO have been computed employing the coupled-cluster single-double plus perturbative triple excitations ͕RCCSD͑T͖͒ and/or complete-active-space self-consistent-field ͑CASSCF͒ multireference internally contracted configuration interaction ͑MRCI͒ methods with basis sets of up to the augmented correlation-consistent polarized-valence quintuple-zeta ͑aug-cc-pV5Z͒ quality. In addition, RCCSD͑T͒/aug-cc-pVQZ and CASSCF/MRCI/aug-cc-pVQZ potential energy functions, anharmonic vibrational wave functions, and energies involving all three vibrational modes for both electronic states of HPO and DPO, and Franck-Condon factors between the two electronic states, which allow for Duschinsky rotation and anharmonicity, were computed. Computed Franck-Condon factors were then used to simulate single vibronic level ͑SVL͒ emission spectra recently reported by Tackett and Clouthier ͓J. Chem. Phys. 117, 10604 ͑2002͔͒. Excellent agreement between the simulated and observed spectra was obtained for the Ã 1 AЉ͑1,0,0͒ → X 1 AЈ SVL emission of HPO and DPO, when the best estimated ab initio geometries of the two states, which include contributions from core correlation and extrapolation to the complete basis set limit, were used in the simulation, suggesting that the best estimated ab initio geometry of the Ã 1 AЉ state of HPO, particularly the bond angle of 94.5°, is more reliable than the available experimentally derived geometry. A discussion on the geometrical parameters derived from rotational constants obtained from the rotational analysis of a high-resolution spectrum and from Franck-Condon simulation of the vibrational structure of an electronic spectrum is given.
I. INTRODUCTION
Recently, Tackett and Clouthier 1 reported the Ã 1 AЉ-X 1 AЈ bands of HPO and DPO in laser induced fluorescence ͑LIF͒ and single vibronic level ͑SVL͒ emission spectra recorded from a jet-cooled pulsed electric discharge of a gas mixture of 15% H 2 or D 2 in 85% Ar over degassed phosphorous oxychloride ͑POCl 3 ͒. In this spectroscopic study, 1 by combining the rotational constants of DPO obtained from the rotational analysis of the high-resolution LIF 0 0 0 band of DPO and the rotational constants of HPO obtained from earlier emission spectrum of HPO, 2 equilibrium geometrical parameters of both the X 1 AЈ and Ã 1 AЉ states of HPO have been derived. As concluded by Tackett and Clouthier, 1 the most significant finding from their investigation is the decrease of the HPO bond angle from 104.62͑7͒°t o 97.4͑4͒°upon excitation ͑for estimated equilibrium r e z structures, see Ref. 1͒ . This decrease in the HPO bond angle is contrary to the prediction, according to Walsh's rules, of an increase in the bond angle of a 12 valence electron HAB system for an n → * ͑i.e., X 1 AЈ → Ã 1 AЉ͒ excitation, as observed in HNO ͓an increase of the HNO bond angle of approximately 7°occurs from 108.6°to 116.3°͑Ref. 3͔͒ and other triatomic HAB systems ͑e.g., HSiF; see Ref. 1 and references therein͒. Nevertheless, such a decrease in the equilibrium HPO bond angle of approximately 7.2°as derived in Ref. 1 for the X 1 AЈ → Ã 1 AЉ excitation in HPO is in reasonably good agreement with a computed decrease of 6.1°͑ from 104.2°to 98.1°͒ obtained from quadratic configuration interaction single and double excitation ͑QCISD͒ calculations, also carried out in Ref. 1, on the X 1 AЈ and Ã 1 AЉ states of HPO using the augmented correlation-consistent polarized-valence triple-zeta ͑aug-cc-pVTZ͒ basis set. In fact, all available ab initio calculations on the X 1 AЈ and to the second-order ͑CASPT2͒ calculations performed by Luna et al. 4 ͑for earlier lower-level ab initio calculations carried out on HPO, see Ref. 4 and references therein͒ using the contracted ͓3s2p2d͔, ͓5s4p3d2f͔ and ͓6s5p4d3f͔ atomic natural orbital ͑ANO͒ basis sets for H, O, and P, respectively, gives a decrease in the HPO bond angle of 8.8°͑from 104.1°t o 95.3°͒ for the X 1 AЈ → Ã 1 AЉ excitation. This decrease is 2.7°larger than the corresponding QCISD value of Ref. 1 mentioned above. Since the bond angles of the X 1 AЈ state of HPO obtained from both ab initio calculations 1,4,5 and experimental sources 1, 6 are very consistent ͑with a range within 1°; see Refs. 5 and 6, and also later text͒, the difference in the decrease in the HPO bond angle upon excitation between the CASPT2 and QCISD values originates essentially from the difference in the computed bond angles of the Ã 1 AЉ state of HPO. Specifically, the computed QCISD/aug-cc-pVTZ bond angle 1 is smaller than the CASPT2/ANO bond angle 4 for ͒ by over 2°. Moreover, the discrepancies of over 0.28 eV ͑2275 cm −1 ͒ between the CASPT2 and experimental T e / T 0 values are still considerable and significantly larger than what would be expected from state-of-the-art ab initio calculations. In view of the above comparisons between theory and experiment on the T e value and equilibrium geometrical parameters, particularly the bond angle, of the Ã 1 AЉ state of HPO, it is proposed to carry out state-of-the-art ab initio calculations on the X 1 AЈ
and Ã 1 AЉ states of HPO in the present study, to hopefully reduce the discrepancies between theory and experiment.
It should also be noted that Franck-Condon ͑FC͒ simulation of the SVL emission spectra of HPO/DPO has also been carried out in Ref. 1, employing experimentally derived geometrical parameters for the two electronic states. The agreement between the simulated and observed spectra is reasonably good. However, the FC factors employed in the spectral simulations were calculated within the harmonic oscillator model ͑see Ref. 1 for details͒. In the present study, we also propose to perform FC factor calculations between the X 1 AЈ and Ã 1 AЉ states of HPO but to include anharmonicity, as it has been shown that anharmonicity can affect the quality of a simulated spectrum significantly. 7 Anharmonicity is also expected to be significant especially for a molecule, such as HPO, which contains a hydrogen atom, in the stretching mode involving H. Moreover, it is well known that FC factors are very sensitive to geometry changes in an electronic transition. In this connection, comparison between reliable simulated spectra, which include anharmonicity, and experimental spectra via the iterative Franck-Condon analysis 7 singlet Ã 1 AЉ state of HPO, only CASSCF/MRCI geometry optimization calculations were performed, and the computed MRCI energies including the Davidson correction ͑MRCI +D͒ were considered in the optimization in all cases. Three basis sets of different qualities were used to investigate the effects of basis set extension to the complete basis set ͑CBS͒ limit and core electron correlation on the computed quantities, namely, equilibrium geometrical parameters and relative electronic energies. When basis sets of aug-cc-pVQZ and aug-cc-pV5Z qualities 13 ͓the aug-cc-pV͑Q+d͒Z and aug-cc-pV͑5+d͒Z basis sets, 14 respectively, for the second row element P͔ were employed, core electrons were frozen in the RCCSD͑T͒ and/or CASSCF/MRCI calculations. When the aug-cc-pCVQZ basis sets 15 were used for P and O, only the P 1s 2 electrons were frozen in the correlation calculations. ͑We have also employed the aug-cc-pCVQZ basis set in valence only calculations; see later text.͒ The largest MRCI calculations carried out in the present study were on the X 1 AЈ state of HPO with the aug-cc-pCVQZ basis sets, which gave approximately 13.7ϫ 10 9 uncontracted configurations and approximately 28.8ϫ 10 6 internally contracted configurations.
Contributions of basis set extension to the CBS limit to the computed quantities were estimated 16 by taking half of the differences between the corresponding values obtained using the aug-cc-pV5Z and aug-cc-pVQZ basis sets ͑denoted CBS A in later text͒. In addition, we have also employed the two point extrapolation technique of the form 1 / X 3 , designed for extrapolating correlation energies, 17 to estimate CBS contributions ͑denoted CBS B in later text͒. Contributions of core electron correlation to the computed quantities ͑denoted core A in later text͒ were estimated by taking the differences of the corresponding values obtained using the aug-ccpCVQZ basis set ͑including the P 2s 2 2p 6 and O 1s 2 electrons in the correlation calculations͒ and the aug-cc-pVQZ basis set ͑within the frozen core approximation͒. Also, core correlation has been estimated using computed quantities obtained from calculations using the aug-cc-pCVQZ basis set, with and without including core electrons ͑denoted core B in later text͒. The contributions of basis size extension to the CBS limit and core electron correlation to the optimized geometrical parameters and relative electronic energies have been assumed to be additive.
B. Potential energy functions, anharmonic vibrational functions, and Franck-Condon factors
Ab initio potential energy functions ͑PEFs͒ for the X 1 AЈ
and Ã 1 AЉ states of HPO were obtained by fitting the following polynomial to calculated ab initio total electronic energies ͓CCSD͑T͒ and MRCI+ D energies, respectively͔,
The bending coordinate of Carter and Handy, 18 S 2 = ⌬ + ␣⌬ 2 + ␤⌬ 3 has been employed for S 2 , where ⌬ is the displacement of the bond angle from the equilibrium value ͑ − e ͒, while S 1 and S 3 are the displacements of the HP and PO bond lengths from the equilibrium values ͑r − r e ͒, respectively. 388 CCSD͑T͒/aug-cc-pVQZ energy points in the ranges of 0.88ഛ r͑HP͒ ഛ 2.27 Å, 54.3ഛ ͑HPO͒ ഛ 155.15°, and 1.18ഛ r͑PO͒ ഛ 1.80 Å were scanned for the X 1 AЈ state, and 206 CASSCF/MRCI/aug-cc-pVQZ energy points in the ranges of 0.82ഛ r͑HP͒ ഛ 2.5 Å, 35.6ഛ ͑HPO͒ ഛ 158.0°, and 1.15ഛ r͑PO͒ ഛ 2.02 Å were scanned for the Ã 1 AЉ state. All ab initio calculations reported in the present study were carried out using the MOLPRO suite of programs. 19 The fitting of the PEFs, the variational calculations of the anharmonic vibrational wave functions, and the FC factor calculations performed have been described previously. 7, 8 In brief, Watson's Hamiltonian 20, 21 for a nonlinear molecule was used, and both anharmonicity and Duschinsky rotation were included in the FC factor calculations. Here, only some technical details specific to the present study are given. Anharmonic vibrational wave functions were expressed as linear combinations of harmonic oscillator functions, h͑v 1 , v 2 , v 3 ͒, where v 1 , v 2 , and v 3 denote the quantum numbers of the harmonic basis functions for the HP stretching, HPO bending, and PO stretching modes, respectively. Harmonic basis functions with vibrational quantum numbers up to h͑10, 15, 12͒ and a restriction of v 1 + v 2 + v 3 ഛ 15 were included in the variation calculations of the X 1 AЈ state. For the Ã 1 AЉ state, harmonic basis functions up to h͑12, 12, 8͒, with a restriction of v 1 + v 2 + v 3 ഛ 12, were considered. In the spectral simulation, vibrational components in the SVL X 1 AЈ → Ã 1 AЉ emission spectra of HPO/DPO were simulated using Gaussian functions with a full width at half maximum of 10 cm −1 . The relative intensity of each vibrational component in a simulated spectrum is given by the corresponding computed anharmonic FC factor and a frequency factor of power four.
IFCA carried out previously for other molecules held the geometry of the lower state involved in an electronic transition, usually the ground state, fixed to an available experimental equilibrium geometry. The geometrical parameters of the upper state were then varied systematically based on the computed ab initio geometry changes upon excitation/ emission, until the best match between simulated and observed spectra was obtained ͑see Refs. 7 and 8 for details͒. In this way, equilibrium geometrical parameters of the upper state can be derived via IFCA. However, in the present study, it was found that employing the estimated best ab initio geometries of the two electronic states involved in the spectral simulation already yielded simulated spectra, which match very well with experimental spectra for both the HPO and DPO. Therefore, it appears that further IFCA is not required. This will be further discussed in the subsection on simulated spectra.
III. RESULTS AND DISCUSSION
The ab initio PEFs of the X 1 AЈ and Ã 1 AЉ states of HPO ͓C ijk in Eq. ͑1͒ and ␤ in the expression for S 2 ͔ obtained in the present study and the root-mean-square ͑rms͒ deviations of the fitted PEFs from the ab initio energy data points are given in Table I Table II have very consistent values ranging between 104.1°and 104.6°as mentioned above, and hence no further discussion is required. For the equilibrium HP bond length, however, the CASSCF/ MRCI values obtained with the three basis sets used in the present investigation are consistently smaller than the corresponding CCSD͑T͒ values ͑with the same basis set used͒. The largest difference between the computed CCSD͑T͒ and MRCI r e ͑HP͒ is approximately 0.01 Å and is with the augcc-pCVQZ basis set ͑i.e., calculations which include core correlation͒. For the equilibrium PO bond length, the computed CASSCF/MRCI values are larger than the corresponding CCSD͑T͒ values by less than approximately 0.007 Å ͑with the same basis set used͒. Again, the largest difference is with the aug-cc-pCVQZ basis set. Effects of basis size extension to the CBS limit on the optimized geometrical parameters of the X 1 AЈ state of HPO are very small ͑less than 0.003 Å for bond lengths and 0.04°for the bond angle͒ with both the CASSCF/MRCI and CCSD͑T͒ methods, and also with both extrapolation techniques ͑CBS corrections A and B in Table II͒, suggesting that the aug-cc-pVQZ basis set is reasonably adequate. However, although effects of core correlation on all three optimized geometrical parameters are small with the CCSD͑T͒ method, its effect on the computed HP bond length with the CASSCF/MRCI method, a decrease of 0.011 Å, is not insignificant. In addition, basis set extension and core correlation contributions do not bring the best estimated MRCI geometrical parameters and the corresponding CCSD͑T͒ values ͑best averaged values in Table II ; see later text͒ significantly closer to each other. Since the CCSD͑T͒ method is size consistent, but the MRCI method is not, the CCSD͑T͒ results are therefore expected to be theoretically more reliable than the MRCI results.
Before comparing computed and experimental geometrical parameters of the X 1 AЈ state of HPO, it should be noted that the differences between the different ways of estimating core ͑cores A and B͒ and CBS ͑CBSs A and B͒ contributions mentioned above are very small ͑less than 0.0012 Å and 0.04°for bond lengths and angles, respectively͒. These differences are significantly smaller than estimated theoretical uncertainties associated with the estimated best theoretical values, which are the averaged values ͑best averaged values in Table II͒ of the core B + CBS A and core A + CBS B values ͑see Table II͒ . These two combinations of core and CBS corrected values give the largest and smallest combined corrected values, respectively, thus giving the ranges of the estimated best theoretical values obtained, employing different core and CBS correction techniques. Comparison between computed and experimentally derived bond lengths indeed shows that the RCCSD͑T͒ values give better agreement with the experimental values than the MRCI values, particularly for the PH bond length. It is pleasing to conclude that the estimated best CCSD͑T͒ geometrical parameters of the X 1 AЈ state of HPO obtained in the present study agree with available experimentally derived r e and r e z values from Refs. 6 and 1, respectively, to within 0.006 Å and 0.24°. The differences between the estimated best CCSD͑T͒ and MRCI geometrical parameters, ⌬͕CCSD͑T͒-MRCI͖, given in Table II for the X 1 AЈ state of HPO may be considered as reasonable estimates of the theoretical uncertainties associated with the computed CASSCF/MRCI geometrical parameters of the Ã 1 AЉ state of HPO, where the single reference CCSD͑T͒ method is inadequate for the open-shell singlet excited state. It should also be noted that ⌬͕CCSD͑T͒-MRCI͖ for the bond angle of the X 1 AЈ state of HPO is only −0.11°, suggesting that the bond angle obtained using the MRCI method should be reasonably reliable.
Before the vibrational frequencies of the X 1 AЈ state of HPO are discussed, it should be mentioned that, when the present manuscript was in preparation, a very high level ab initio study on some XPO species, where X = H, F, Cl, and Br, has appeared. 22 In general, the computational strategies of this very recent study of Ref. 22 and the present study are very similar, though they differ in some details, which are described as follows. In Ref. 22 , a series of cc-pV͑n + d͒Z basis sets, where n = T, Q, 5, and 6, were employed and the optimized geometrical parameters were extrapolated to the CBS limit using the functional forms of 1 / n 3 and B ϫexp ͑−Cn͒ for the correlation and SCF levels, respectively ͑see Ref. 22 and references therein͒. In the present study, the augmented versions of the correlation-consistent basis sets, The correction of core electron correlation contribution to the computed geometrical parameters takes the difference between the computed RCCSD͑T͒ or MRCI values obtained using the AVQZ ͓frozen core RCCSD͑T͒ or CASSCF/MRCI calculations͔ and the ACVQZ ͓frozen only the P 1s 2 electrons in the RCCSD͑T͒ or CASSCF/MRCI calculations͔ basis sets. The correction of extrapolation to the complete basis set ͑CBS͒ limit takes half of the difference between the values obtained using the AVQZ and AV5Z basis sets ͓at the RCCSD͑T͒ or CASSCF/MRCI levels͔. which include sets of diffuse functions, aug-cc-pV͑n + d͒Z, where n = Q and 5, have been used with a simple CBS correction, as described above. For core ͓or core valence ͑CV in Table II͒ as used in Ref. 22͔ correlation contributions to the optimized geometrical parameters, the energy-weighed ccpwCVQZ basis set was used in Ref. 22 , while the aug-ccpCVQZ basis set was used in the present study. Scalar relativistic ͑SR in Table II͒ contributions to optimized geometrical parameters were computed explicitly in Ref. 22 , but were concluded to be essentially negligible, thus justifying the neglect of scalar relativistic contributions in the present study. Comparison between the cc-pV͑5+d͒Z and AV5Z results obtained from Ref. 22 and the present study, respectively, shows that the differences in the optimized geometrical parameters are negligibly small ͑less than 0.0005 Å and 0.04°in bond lengths and angle, respectively͒. However, the differences between the cc-pV͑Q + d͒Z and AVQZ geometrical parameters are significantly larger and of the order of 0.001 Å and 0.15°, suggesting that with the relatively smaller quadruple-zeta ͑QZ͒ quality basis sets, the effects of diffuse functions in the augmented part of the basis sets on the equilibrium geometrical parameters are not negligible. The more significant differences between with and without augmented diffuse functions in the basis sets are the directions of changes in the optimized geometrical parameters ͑i.e. an increase or a decrease; particularly for the bond angle͒ from employing the QZ to 5Z quality basis sets, which determine the directions of the extrapolation to the CBS limit. Specifically, without the augmented diffuse functions ͓i.e. with the cc-pV͑Q + d͒Z and cc-pV͑5+d͒Z basis sets in Ref. 22͔, the computed equilibrium bond angle decreases with the improvement of basis sets. However, with the augmented diffuse functions ͑i.e. with the AVQZ and AV5Z basis sets in the present study͒, it increases. Nevertheless, both the increase and decrease are small ͓0.02°and 0.07°͑from QZ to 5Z͒, respectively͔, and it is pleasing that the estimated best theoretical geometrical parameters of the ; Table II͒ . For the harmonic frequencies, the computed HPO bending and PO stretching values also agree reasonably well with the experimentally derived values for both HPO and DPO. However, for the PH and PD stretching modes, the computed harmonic frequencies obtained from the CCSD͑T͒/aug-cc-pVQZ PEF are significantly larger than the corresponding experimentally derived values for both HPO and DPO. It should be noted that estimated uncertainties of 30 cm −1 were given in Ref. 1 for the harmonic HP and DP stretching frequencies used in the force field refinement ͑see footnote g of Table II and the original reference͒. Such estimated uncertainties, which are rather large, are due to limitations in the range of experimental data ͑e.g. in the emission spectrum, 1 1 0 is observed, but 1 2 0 is not observed͒. In Ref. 1, the experimentally measured fundamental frequencies of the HP and DP stretching modes of HPO and DPO given are smaller than the corresponding experimentally derived harmonic frequencies by only −1 and 30 cm −1 , respectively. These small differences, particularly for the HP stretching mode, suggest very small anharmonicities, which are contrary to expectation for these vibrational modes. In view of the above considerations, it is concluded that the computed harmonic HP/DP frequencies reported here ͑which are higher than those quoted in Ref. and 2.3682 eV ͑19 100.901 cm −1 ͒ ͑Ref. 1͒ for HPO and DPO, respectively. It is noted that the computed CASSCF/ MRCI+ D T e values of 2.42 and 2.44 eV, obtained using the aug-cc-pVQZ and aug-cc-pV5Z basis sets, respectively ͑Table III͒, actually agree almost exactly with the experimental value of 2.42 eV. However, this excellent agreement between theory and experiment is almost certainly fortuitous and is due to cancellation of errors arising from the neglect of core correlation and the lack of size consistency of the MRCI method. Nevertheless, the above comparison suggests that the CASSCF/ MRCI+ D / aug-cc-pVQZ level of calculation should be reasonably adequate for the Ã 1 AЉ state of HPO. Summarizing, state-of-the-art ab initio calculations carried out in the present investigation give T e / T 0 values for the Ã 1 AЉ state of HPO/DPO, which agree with available experimental values to within approximately 0.04 eV ͑approxi-mately 320 cm −1 ͒. This good agreement between theory and experiment demonstrates clearly that the ab initio calculations carried out in the present study are superior to previous calculations ͑such as those in Refs. 1 and 4͒, and that stateof-the-art ab initio calculations are able to give very reliable relative electronic energies. This increases our confidence in the reliability of the geometrical parameters of the Ã 1 AЉ state of HPO obtained in the present study. This core correlation correction has employed the aug-cc-pCVQZ basis set for both calculations with valence electrons only and also including core electrons. The correction of extrapolation to the complete basis set ͑CBS͒ limit takes half of the difference between the values obtained using the AVQZ and AV5Z basis sets. 
D. Simulated spectra
Some representative simulated spectra ͑middle and bottom traces͒ are compared with the experimental Ã 1 AЉ͑0,0,0͒ − X 1 AЈ SVL emission spectra of HPO and DPO from Ref. 1 ͑top traces͒ in Figs. 1 and 2 , respectively. The ab initio PEFs and the associated sets of geometrical parameters for the two states involved have been used to obtain the simulated spectra. The simulated spectra shown in the middle and bottom traces of each figure have employed available experimental r e z geometries from Ref. 1, and the best ab initio equilibrium geometries estimated in the present study, respectively, for both electronic states. Firstly, the overall general agreement between the simulated and observed spectra is very good, thus confirming the molecular carrier of, electronic states involved in, and the vibrational assignments of the experimental SVL emission spectra given in Ref. 1.
Secondly, it can be seen from Figs. 1 and 2 that the simulated spectra of both HPO and DPO obtained employing the best ab initio geometries of the two states ͑bottom traces͒ match the observed spectra better than those obtained employing the experimentally derived geometries of the two states ͑middle traces͒. The most obvious indication lies in the relative intensities of the relatively strong 2 1 0 and 3 1 0 vibrational components. Specifically, the relative intensities of the 2 1 0 components in simulated spectra of both the HPO and DPO obtained employing the experimental geometries are too weak, when compared with the observed spectra. In ad- This core correlation correction has employed the aug-cc-pCVQZ basis set for both calculations with valence electrons only and also including core electrons. The correction of extrapolation to the complete basis set ͑CBS͒ limit takes half of the difference between the values obtained using the AVQZ and AV5Z basis sets. dition, observed weaker vibrational structure also matches better the simulated spectra obtained using the best ab initio geometries than using the experimental geometries. For instance, the observed shape of the relatively weak 2 2 0 and 1 1 0 vibrational overlapping components at 1468.9 and 1501.9 cm −1 in the experimental spectrum ͓experimental redshift energy from Ref. 1 ͑corresponding computed redshift energies: 1466.6 and 1508.7 cm −1 ͒; labeled 2 2 0 in Fig. 2 top trace͔ in the Ã 1 AЉ͑0,0,0͒ − X 1 AЈ SVL emission spectrum of DPO matches the computed relative intensities using the best ab initio geometries ͑bottom trace in Fig. 2͒ better than the relative intensities using the experimental geometries ͑middle trace in Fig. 2͒ .
Thirdly, it should also be noted that the emission spectra recorded using a photomultiplier in Ref. 1 have not been corrected for wavelength dependence of detector sensitivity, as stated therein. With the type of detector used in Ref. 1, it is anticipated that detector sensitivity would decrease toward low emission energy ͑see, for example, Ref. 23͒. Taking this experimental factor into consideration, the simulated spectra obtained using the best ab initio geometries would match even better the observed spectra if the experimental spectra were corrected for wavelength dependent detector sensitivity.
Lastly, further IFCA using different geometrical parameters for either or both states of HPO in order to obtain better matches between simulated and observed spectra has not been carried out. This is, of course, mainly because the simulated spectra obtained using the best ab initio geometries of both states already match the observed spectra very well, as discussed. In addition, although the changes in the equilibrium PO bond length and HPO bond angle upon emission obtained from the best ab initio estimation in the present study and those derived from the spectroscopic study of Ref.
1 are in the same directions ͑i.e., PO decreases and increases͒, the changes in the equilibrium HP bond length upon emission obtained from these two sources are in opposite directions. Specifically, ab initio calculations give a small increase in the HP bond length ͑0.003 Å͒ upon emission, while the experimentally derived geometries give a small decrease ͑0.0094 Å͒. Unfortunately, comparison between simulated and observed spectra provides information only on the magnitudes of the changes in the geometrical parameters The estimated best theoretical r 0 geometrical parameters have taken the corresponding best theoretical r e values plus the differences between the r 0 and r e geometrical parameters obtained from the RCCSD͑T͒ or CASSCF/ MRCI PEF of the X 1 AЈ or Ã 1 AЉ state of HPO. The uncertainties of the rotational constants obtained from the best theoretical r 0 geometrical parameters ͑in parentheses͒ are estimated by taking the differences between the r 0 rotational constants obtained from the PEF and those obtained with the best theoretical r 0 geometry. used in the simulation, but is unable to inform us on the direction of the changes. At present, it is uncertain which direction of change in the HP bond length upon emission is more reliable. Nevertheless, the increase and decrease in the HP bond length upon emission obtained from the present study and Ref. 1, respectively, can be considered as relatively small. The geometry of the Ã 1 AЉ state of HPO, particularly the bond angle, will be further discussed in the next subsection. It is concluded here that comparison between simulated and observed SVL emission spectra of HPO and DPO indicates that the geometry change upon emission based on best ab initio geometries of both states is highly reliable. Table IV . Firstly, computed equilibrium bond lengths and bond angles of the Ã 1 AЉ state of HPO obtained at different levels of calculation in the present investigation have very consistent values. It can be seen from Table IV that basis set extension effects on the computed geometrical parameters are very small ͑smaller than 0.005 Å and 0.22°͒. Core correlation effects are slightly larger ͑approximately 0.007 Å and 0.20°͒, but still can be considered as relatively small. One most important finding is the consistency in the computed bond angles obtained in the present study. Specifically, the spread of the computed values obtained using three basis sets is only 0.21°and the estimated best ab initio value of 94.5°͑ best averaged MRCI+ D value in Table IV͒ has an estimated uncertainty of ±0.4°. The best ab initio value obtained here agrees reasonably well with the CASPT2 value of 95.3°from Ref. 4 , but is smaller than the QCISD value of 98.1 and the experimentally derived r c z value of 97.4°from Ref. 1 by over 2°. Based on results of state-of-the-art ab initio calculations and spectral simulations obtained in the present study, it is concluded that the estimated best ab initio bond angle of 94.5°is most likely, currently, the most reliable value. We will further discuss experimentally derived rotational constants and r 0 structures of HPO and DPO in the next subsection.
The computed harmonic and fundamental vibrational frequencies of the Ã 1 AЉ state of HPO and DPO obtained from the MRCI PEF in the present study are given in Table  IV . The computed fundamental frequencies of the HP stretching mode and bending mode of HPO and the bending mode of DPO agree very well with the corresponding experimental values measured from the LIF spectra of Ref. 1. The discrepancies between theory and experiment for these vibrational modes are less than 10 cm −1 . For the PO stretching modes of HPO and DPO, the computed fundamental frequencies are smaller than the corresponding measured values by approximately 28 cm −1 . This difference between theory and experiment may still be considered as reasonably small. However, the difference between the computed and experimental fundamental frequency of the DP stretching mode of DPO is 86.5 cm −1 . It is not immediately clear what is the cause of such a large discrepancy between theory and experiment for this vibrational mode, as the agreement between the computed and measured fundamental frequencies of the HP mode is very good ͑within approximately 9 cm −1 ͒, and the same PEF has been used to calculate the fundamental frequencies of both the HP and DP stretching modes of HPO and DPO, respectively. It should, however, be noted that 3v 2 Ј ͑3 ϫ 431 cm −1 ͒ of DPO is expected to have a value of approximately 1293 cm −1 , which would make it almost coincide with the observed band assigned to 1 0 1 ͑1293.799 cm −1 redshift energy from 
F. Effective "r 0 … geometrical parameters and rotational constants
The effective ͑r 0 ͒ geometrical parameters and rotational constants ͑i.e., A 0 , B 0 , and C 0 ͒ of the X 1 AЈ and Ã 1 AЉ states of HPO and DPO, obtained from rotational analyses of LIF, emission and/or microwave spectra of Refs. 1, 2, and 6, respectively, and from the ab initio PEFs computed in the present study ͑the expectation values, ͗r͘, of the vibrational wave function for the vibrational level with all vibrational quantum numbers equal to zero͒ are compared in Table V . Firstly, best ab initio r 0 geometrical parameters have been estimated based on the best estimated r e geometrical parameters and the differences between the computed r e and r 0 geometrical parameters obtained from the PEFs/anharmonic vibrational wave functions ͑see Tables II and IV͒. In addition, the best ab initio r 0 rotational constants have been computed using the best ab initio r 0 geometrical parameters, and the associated uncertainties have been estimated by taking the differences between the best ab initio values and those computed from the respective PEFs. It can be seen that the estimated uncertainties associated with the best theoretical A 0 values are significantly larger than those associated with the other two r 0 rotational constants, B 0 and C 0 , for both states of HPO and DPO. In fact, it can be seen from Secondly, in converting geometrical parameters to rotational constants, it was found that, with bond lengths to three decimal places in angstroms and a bond angle to one decimal place in degrees, the corresponding rotational constants are at best reliable to three decimal places in cm −1 . This is the case for converting both ab initio and also experimentally derived geometrical parameters to rotational constants. For instance, the r 0 rotational constants computed employing the r 0 geometrical parameters of the X 1 AЈ state of HPO reported in Ref. 6 differ from the r 0 rotational constants obtained from rotational analysis of the microwave spectrum reported also in Ref. 6 in the third decimal place for all three rotational constants ͑see Table V͒ . It should also be noted that, in Ref.
2, in order to obtain the r 0 structures of the X 1 AЈ and Ã 1 AЉ states of HPO, geometrical parameters were arbitrarily chosen to give rotational constants which agreed with experimental ones to within 0.002 cm −1 . All the above considerations imply that in converting geometrical parameters to rotational constants and vice versa, the accuracies are probably at the third decimal place for rotational constants in cm −1 , and at the third and first decimal places for bond length 
IV. CONCLUDING REMARKS
State-of-the-art ab initio calculations have been carried out on the X 1 AЈ and Ã 1 AЉ states of HPO. Firstly, it is pleasing to conclude that the best ab initio T c / T 0 values for the Ã 1 AЉ state of HPO/DPO agree with available experimental values to within 0.04 eV. This is a significant improvement from previous ab initio studies.
1,4 Secondly, the best ab initio equilibrium geometry of the Ã 1 AЉ state of HPO has a bond angle of 94.5°, which includes basis set extension to the CBS limit and core correlation effects. A theoretical uncertainty of ±0.4°is estimated for this bond angle based on MRCI+ D values obtained using different basis sets in the present study. In addition, based on the comparison between RCCSD͑T͒ and MRCI+ D results for the X 1 AЈ state of HPO, the estimated best MRCI+ D bond angle is expected to have an uncertainty of 0.1°. All these considerations lead to the conclusion that the best equilibrium bond angle of the Ã 1 AЉ state of HPO obtainable from ab initio calculations should be 94.5± 0.3°.
We have also simulated the Ã 1 AЉ͑0,0,0͒ − X 1 AЈ SVL emission spectra of HPO and DPO using a method which includes allowance for Duschinsky rotation and anharmonicity. In these spectral simulations, both the best ab initio equilibrium geometries and experimentally derived geometries of the two electronic states involved have been employed. It has been found that the simulated spectra employing the best ab initio geometries match the corresponding observed spectra better than those employing experimentally derived geometries. Although we have not derived an upper state geometry through IFCA by fixing the lower state geometry to an experimentally derived geometry and varying the upper state geometry systematically, and carrying out FC factor calculations for each upper and lower state geometries, the excellent match between simulated spectra employing the best ab initio geometries of both states and the experimental spectra supports the conclusion that the best ab initio geometries of both states are already highly reliable. In this connection, it is concluded that the best ab initio bond angle of the Ã 1 AЉ state of HPO of 94.5°is currently the most reliable value.
Finally, it should be noted that, deriving geometrical information on an electronic state for a C S molecule such as HPO by comparing simulated electronic spectra, obtained from computed FC factors, with observed spectra, is similar to deriving geometrical parameters from rotational analysis of a high-resolution spectrum. Both require some kind of "matching" ͑or fitting͒ between computed and experimentally measured data. However, in the case of employing FC factors in the spectral simulation, and particularly with the IFCA procedure, the equilibrium geometries, and not the r 0 geometries, of the two states are used and/or derived. Rotational constants and r 0 geometries are not involved, as equilibrium geometrical parameters are used and/or derived directly, without the need of conversion from r 0 structure or rotational constants. Of course, in the case of using IFCA to compute the vibrational structure of an electronic spectrum, the information of the r e and r 0 structures of the two electronic states involved in the electronic transition is embedded in the ab initio PEFs, which are used to compute anharmonic vibrational wave functions and FC factors of the two electronic states involved. Providing that the ab initio PEFs employed are reliable and the equilibrium geometry of one state involved is reliably known, applying IFCA to compute the vibrational structure of an electronic spectrum is a reliable and direct way to derive equilibrium geometrical parameters of the other state.
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